Free radical couplings from furan, as cheap starting material, were studied in view of developing a rapid strategy en route to the synthesis of derivatives of nonactin. The chain containing the alcohol function was introduced in one or two steps in 86% yield. For the introduction of the second chain with the ester function two different coupling methods were tested. Starting from the advanced intermediates obtained nonactin derivatives can be prepared by catalytic hydrogenation of the furan ring.
Introduction
Furan and tetrahydrofuran rings are present as a significant structural element in many natural products. They have been used as essential building blocks in the construction of important synthetic targets. Furan (3) has attracted the interest of chemists for well over a century [1] , reflecting the importance of this heterocycle in natural and synthetic substances [2] . The stereoselective substitution of furans has been extensively studied. Nonactin (1) , an ionophore isolated from natural sources, has raised interest as well as in its use as antibiotic as in its use in ion selective electrodes. The capacity of 1 to mediate selectively ammonium and potassium transport is the predominant prop-erty of this macrotetralide [3] . First reported in 1955 [4] , 1 is isolated from Streptomyces cultures and is the lowest homologue of the nactin family. Structurally, nonactin (1) consist of four nonactic acids (2) (Scheme 1) condensed in a (þ)(À)(þ) (À) atypical fashion which confers S 4 symmetry (meso compound). To our knowledge, around 30 syntheses of nonactate derivatives and their 8-epimers have been described so far [5] . These compounds represent good candidates to test the stereospecificity of modern synthesis methodology. In all the cases, delicate chromatographies are required in the latter stages of the syntheses. There are six total syntheses of 1 in literature [6] . Difficulties to produce enantiopure (þ) and (À)-nonactic acids (2) separately and the problems associated with the assembly of the enantiomers have prevented syntheses to compete successfully with fermentation [7] . Consequently, 1 is expensive and not available in more than gram quantities.
Analysing the particular structure of nonactin the following question arises: Why did nature invests such efforts to create 1, a 32-membered ring with 16 stereogenic centers if the result is an achiral molecule? As part of our ongoing studies on the macrocycle 1, we plan to develop a new, short, and scalable route to generate 2,5-disubstituted furans (Scheme 2). These 2,5-disubstituted furans are precursors of nonactic acid derivatives through catalytic cis-hydrogenation of the furan rings.
Results and Discussion
Since our synthetic strategy has to be scalable and cheap, we chose furan (3) as starting material. We first introduced one lateral chain leading to alcohols 6a and 6b (Scheme 3). Heavy-metal-free radical coupling with an excess of 3 with ethyl 2-iodoethanoate (4a) according to Baciocchi conditions [8] led to ethyl 2-(furan-2-yl)acetate (5) in almost quantitative yield. Reduction of 5 gave 2-(furan-2-yl)ethanol (6a) in 93% yield without further purification. Reaction of 2-furyllithium with propylene oxide at 0 C is described in the literature to give 1-(furan-2-yl)propan-2-ol (6b) in good yield in THF [9] as solvent. However, we obtained low yields under these reported conditions but the reaction in diethyl ether [10] at 10 C gave 6b in 86% yield (Table 1) . Both radical and anionic couplings are regioselective in the 2-position of furan (3) .
Before introducing the lateral chain in the fifth position of our 2-subtituted furans 6a and 6b, we have studied the protection of the alcohol function ( Table 2 ). Different protecting groups were introduced, in 62-99% yields. The different protecting groups of 6c-6h will give us a choice in order to adapt the intermediates and their stabilities according to the synthetic strategies used in the further steps of our syntheses.
For the introduction of the second chain, we were tempted to use the radical coupling with ethyl 2iodoethanoate (4a) according to Baciocchi condi- Using sylvan (7) on 10 g scale, the yield in 8a is 65% after filtration over silica gel with 19 equivalents of 7 as well as with 10 equivalents (Table 3 ). Using 7 on 100 g scale didn't decrease much the yield in 8a, which was 59%. The reaction is also efficient with ethyl 2-iodopropanoate (4b), which is suitable to introduce a methyl group in -position as in nonactic acid (2) . We then started to decrease the excess of 7. We could show that the excess of the heterocycle is necessary to ensure total conversion of the iodoester. Only 2 equivalents of 7 were required to obtain acceptable 53% yield on 2 g scale.
Less than 10% of unreacted iodoester 4a or 4b remained. To remove the unreacted iodoesters the following procedure was applied. The mixture of the furan derivatives and iodoester was refluxed in dry n-hexane in the presence of activated zinc. Under these conditions the Reformatsky enolate [11] of the iodoester was created. Subsequent acidic hydrolysis led to the volatile ethyl acetate or ethyl propionate, which could be removed by evaporation (Scheme 4). The heat-sensitivity of furans led to the loss of about 20% of the product when applying the conditions necessary for the formation of the Reformatsky enolate.
The Baciocchi reaction was then tried starting from our previously synthesized 2-substituted furans. To our delight, the radical coupling reaction works with 2 equivalents of the benzyl protected furan 6e Scheme 4 Table 1 . Optimized reaction of 2-furyllithium with propylene oxide and the free alcohols 6a and 6b. Using stoechiometric quantities of our 2-substituted furan 6e we did not obtain complete conversion to the corresponding iodoesters. More dramatically the yield in 9 decreased to an unacceptable 14%. Attempts to push the reaction to completion by heating the reaction mixture to 70 C led to the degradation of the furan derivatives. We could show that the reaction works with free iodoacids using DMSO as a solvent. The isolation of the polar product was experimentally very difficult.
To obtain better conversions, we tested a tin-free radical coupling methodology developed few years ago by Miranda [13] , following Zard xanthate (such as tert-butyl ethoxythiocarbonylsulfanylacetate (12)) based radical chemistry [14] . According The percentage of conversion can be increased by slow portionwise addition of the peroxide while refluxing the reaction mixture using 1,2-dichloroethane (DCE) as solvent. The addition time reported is 12 hours. Miranda used 1.2 equivalents of the xanthate 12 and DLP. In our trials we used 1 equivalent of both reagents to obtain easier purification and we optimized the reaction time (see Table 4 ).
Following our proposed synthetic scheme, the furan ring has to be reduced by a stereoselective cis hydrogenation with 5% Rh over alumina [15] in order to obtain a single diastereomer of our analogues of nonactic acid (Scheme 5). In the case of substrate 14 prepared from xanthate 12, traces of impurities poisoned the rhodium catalyst. Therefore the furan derivative 13a had to be subjected to the conditions of the heterogenous reduction three times in order to obtain complete conversion. Probably the impurities had to be consumed first.
Conclusion
In conclusion, 2,5-disubstituted furans and tetrahydrofurans where prepared in few steps, with only one chromatographic separation. The yields obtained for the individual steps and the overall yield for the transformation of 3 to 14 and 15 are satisfactory and allowed us to continue our investigations.
Experimental
All moisture-sensitive reactions were carried out under Ar and N 2 using oven-dried glassware. All reagents were of commercial quality if not specifically mentioned. Solvents were freshly distilled prior to use. Fig. 1 . Labeling used for NMR assignment portions. The mixture was heated to reflux for 1.5 h, cooled, and hydrolysed with 90 cm 3 brine. The salts were filtered off and washed with AcOEt. The aqueous layer was extracted 3 times with 90 cm 3 AcOEt and the combined organic layers were washed with 90 cm 3 General Procedure for the Protection of the Alcohol Function [16] A solution of 6a (1 eq) in dry THF was added dropwise at 0 C to a stirred suspension of NaH (1.2-1.7 eq) in dry THF. After 30 min at 0 C, the electrophile (1-2 eq) was added slowly and the solution was warmed to rt for 6-16 h. The mixture was then slowly diluted with brine and extracted with diethyl ether. The organic layers were washed with brine and dried over MgSO 4 , and the volatiles were removed by evaporation in vacuo.
tert-Butyl (2-(furan-2-yl)ethoxy)dimethylsilane (2h, C 12 H 22 O 2 Si) Following the procedure of Ref. [18] : 2-(Furan-2-yl)ethanol (6a) (4.5 g, 40 mmol), DMAP (489 mg, 4 cm 3 ), and TEA (8.35, 4 cm 3 ) stirred in 40 cm 3 dried CH 2 Cl 2 were reacted at 5 C with a solution of TBDMSCl (6.63 g, 44.0 mmol) added dropwise in 10 cm 3 of CH 2 Cl 2 . The solution was warmed to rt for 3 h and then diluted with CH 2 Cl 2 , and respectively washed with saturated NaHCO 3 solution and brine. The organic layer was dried over MgSO 4 , and the CH 2 Cl 2 was removed by evaporation in vacuo. Purification by chromatography on a silica gel column using n-hexane=AcOEt ¼ 98=2 as an eluent afforded 2h (5.6 g, 24.7 mmol, 62%). Oil; R f ¼ 0.55 (n-hexane=AcOEt ¼ 98=2); IR (film):
¼ Following the procedure of Ref. [16] : 2-(Furan-2-yl)ethanol (6a) (1 g, 9 mmol) stirred in 40 cm 3 dried CH 2 Cl 2 , was reacted at 0 C with pyridine (0.81 cm 3 , 10 mmol) and acetyl chloride (0.71 cm 3 , 10 mmol). After 1 h at 0 C, the solution was warmed to rt for 6 h, then diluted with CH 2 Cl 2 , and washed two times with 1 M HCl and with saturated NaHCO 3 solution. The organic layer was dried over MgSO 4 , and the CH 2 Cl 2 was removed by evaporation in vacuo. Purification by chromatography on a silica gel column using n-hexane=AcOEt increasing the AcOEt ratio afforded 2c (0.889 mg, 5.76 mmol, 64% Following the procedure of Ref. [19] : A solution of 6a (300 mg, 2.7 mmol) and dihydropyrane (338 mg, 4.0 mmol) stirred in 50 cm 3 dried CH 2 Cl 2 was reacted at rt with PPTS (67 mg, 0.3 mmol) in 20 cm 3 Ethyl 2-iodopropanoate (4b, C 5 H 9 IO 2 ) A solution of NaI (15.48 g, 103.3 mmol.) and ethyl 2-bromopropanoate (17 g, 93.9 mmol) stirred in 300 cm 3 acetone was refluxed for 3 h. The mixture was cooled to rt, filtered, and acetone was removed by evaporation in vacuo. 100 cm 3 nhexane and 100 cm 3 H 2 O were added and the product was extracted with 3 Â 100 cm 3 n-hexane. The combined organic layers were washed with 100 cm 3 brine, dried over Na 2 SO 4 , and the volatiles were removed by evaporation in vacuo to afford 4b (20.2 g (86 mmol, 94%). Oil; R f ¼ 0.06 (n-hexane= AcOEt ¼ 95=5); 1 
General Procedure for the Radical Coupling in Baciocchi Conditions
To a stirred mixture of the aromatic heterocycle (1-20 eq, see Table 3 , commercials furan (3) and sylvan (7) were freshly distilled), the alkyl iodide (1 eq), and FeSO 4 Á 7H 2 O (0.5 eq) in DMSO, 1.9 eq H 2 O 2 (35% in H 2 O) were added dropwise, while the solution was kept at rt with a H 2 O bath. The mixture was then slowly diluted with brine and extracted with diethyl ether. The organic layers were washed with brine, dried over MgSO 4 , and the volatiles were removed by evaporation in vacuo. If necessary, the residue was purified by chromatography on a silica gel column using n-hexane=AcOEt or CH 2 Cl 2 as an eluent.
Ph), 109.0 (C-4), 107.4 (C-5), 73.4 (CH 2 -Ph), 68.7 (C-8), 61.5 (C-1 1 ), 34.7 (C-2), 29.3 (C-7), 14.6 (C-1 2 ) ppm. General Procedure for the Radical Coupling with Xanthate 12 A solution of xanthate 12 (1 eq) and the heteroatomic compound (1 eq) in dry DCE (2 cm 3 Á mmol À1 ) was heated at reflux, and a solution of DLP (1 eq) in DCE (0.5 cm 3 Á mmol À1 ) was added dropwise over a period of several hours. After filtration, the solvent was removed by evaporation in vacuo and the crude residue was purified by chromatography on a silica gel column using n-hexane=AcOEt as an eluent.
